The title compound, C 31 H 37 NO 4 S {systematic name: (R)-tert-butyl-2-[(tert-butoxycarbonyl)amino]-3-(tritylsulfanyl)propanoate} is an L-cysteine derivative with three functions: NH 2 , COOH and SH, blocked by protecting groups tert-butoxycarbonyl, tert-butyl and trityl, respectively. The main chain of the molecule adopts the extended, nearly all-trans C 5 conformation with the intramolecular N-H· · · O‫؍‬C hydrogen bond. The urethane group is not involved in any intermolecular hydrogen bonding. Only weak intermolecular hydrogen bonds and hydrophobic contacts are observed in the crystal structure. These are C-H· · ·O hydrogen bonds and CH/p p interactions with donor· · ·acceptor distances, C· · ·O ca. 3.5 Å and C· · ·C ca. 3.7 Å, respectively. The first type of interaction links phenyl H-atoms and carbonyl groups. The second type of interaction is formed between a methyl group of the tert-butyl fragment and a trityl phenyl ring. The resulting molecular conformation in the crystal is very close to an ab initio minimum energy conformer of the isolated molecule. The extended C 5 conformation of the main peptide chain is the same and there is slight discrepancy in the disposition of trityl phenyl rings. Their small dislocation creates the possibility of forming the entire network above of extensive, specific, weak intermolecular interactions; these constrain the molecule and permit it to retain the minimum energy C 5 conformation of its main chain in the solid state. In contrast, in n-hexane solution, where such specific interactions cannot occur, only a small population of the molecules adopts the extended C 5 conformation.
The solid-state structure of amino acid derivatives is relevant to the overall conformations and the properties of peptides, both free and protected, as the peptide features are controlled by the energetically favorable or "allowed" conformations of the amino acid residues. [1] [2] [3] [4] [5] A recent survey of cysteine-containing molecules in the Cambridge Structural Database 6) revealed that among the cysteine-SH group protections, commonly used in peptide synthesis, 7, 8) only the Sbenzyl (SBzl) present in some derivatives and peptides was investigated.
9 ) The cysteine residue bearing the S-trityl group, which is another common blockade of the SH function in peptide synthesis, applied for over 40 years, 7, 8, 10, 11) was not studied so far. Herein we report the crystal structure of tert-butyl N-tert-butoxycarbonyl-S-trityl-L-cysteinate, 12) Boc-Cys(Trt)-OtBu ( Fig. 1) , in which the tert-butoxycarbonyl (Boc) and tert-butyl (OtBu) are present in addition to the trityl group. This molecule is the first S-tritylcysteine derivative studied by X-ray crystallography. The legitimate structural conclusion reached by the X-ray method was examined by the FTIR study of the molecule in solution and by the theoretical calculations in the gas phase.
Experimental
Boc-Cys(Trt)-OtBu was obtained from Cys(Trt) by O-tert-butylation followed by N-tert-butoxycarbonylation, purified by silica gel column chromatography and finally crystallized from n-hexane (mp 80-82°C). 12) Crystal data for C 31 H 37 NO 4 S ( f w ϭ519.68): crystal system orthorhombic, space group P2 1 . Final positional and thermal parameters for non-H atoms are given in Table 1. 14)
The FTIR spectra were recorded at 20°C on a Philips Analytical PU9800 spectrometer, at 2 cm Ϫ1 nominal resolution, using a liquid cell (KBr, 0.1 mm) and KBr pellet. The analytical grade n-hexane was dried further over P 2 O 5 , distilled and stored over freshly prepared molecular sieves. The spectra were analyzed with GRAMS/386 program 15) and the accurate positions of the individual component bands were intercepted by a curve-fitting procedure with a mixed (GaussϩLorenz) profile.
The calculations were carried out with the GAUSSIAN 98 program package 16) on the Cray J916 at the Poznań Supercomputing and Networking Centre, Poland. The results were produced with the DFT method 17) using the B3LYP hybrid functional 18) and the 6-31G** basis set.
Results and Discussion
Molecular Structure Atom numbering of Boc-Cys(Trt)-OtBu is presented in Fig. 2 . Selected bond lengths and angles as well as torsion angles are collected in cases, bond lengths observed both for amino acid residue itself and hydrophobic protecting groups are of expected values.
The mean S-CH 2 Ph bond length found in the Cys(SBzl) fragments 9) is 1.824 Å, while in the present structure the relevant S1-C7(Trt) distance is 1.859(4) Å. The analysis of the geometry for 11, in total, S-trityl fragments occurring in a few organic compounds 19) indicated the S-C(quaternary) bond being in the range 1.866-1.952 Å. Thus, the S1-C7 bond is a slightly shorter one, compared to that in other Strityl fragments, however, it is significantly longer than the S-CH 2 Ph bond in the Cys(SBzl) moiety. It seems to explain the much easier detachment of the S-trityl group as related to the S-benzyl group during the peptide deprotection. 7) At the same time no influence of the bulky S-trityl group on the S-C(Cys) distance is observed; the S1-C2 bond of 1.811 (5) Å has a similar length to that in the native L-cysteine molecules (1.798-1.819 Å). 20, 21) The Boc moiety of Boc-Cys(Trt)-OtBu has average bond lengths (Table 2 ) and the common trans conformation in agreement with the literature 2, 4) and our CSD search (164 Boc derivatives, of which 158 is trans, including four, also trans, Boc-Cys fragment 22) ). The OtBu moiety of BocCys(Trt)-OtBu has a rigid geometry (the analysis of 87 tertbutyl ester fragments, none of which was Cys-OtBu).
The main chain of the molecule C4-O1-C3-C1-N1-C5-O3-C6 adopts extended, nearly all-trans C 5 conformation (Table 2 ) with the torsion angle f Ϫ162.0 (4)°and Y 171.1 (4)°and with a weak intramolecular N(1)-H· · ·O(2)ϭC(3) hydrogen bond (Fig. 2) . Moreover, the OtBu methyl groups assume specific orientation, pointing to one of the phenyl rings of Trt (Fig. 3) . Although the intramolecular multiple (C)H· · ·C contacts of about 3.3 Å are longer than those (up to 3.2 Å) described by Nishio et al., 23) they could prevent free rotation of the bulky trityl and tert-butyl substituents. It is worth noting that the recent detailed calculations of intermol- (1) 3443 (5) Ϫ1870 (3) 1600 (2) 45 (1) C (3) 4246 (6) Ϫ1513 (3) 2143 (2) 46 (1) O (2) 3694 (4) Ϫ1449 (3) 2619 (2) 64 (1) O (1) 5631 (4) Ϫ1278 (2) 1993 (2) 51 (1) C (4) 6635 (6) Ϫ785 (4) 2404 (3) 59 (2) C (41) 6953 (7) Ϫ1345 (4) 2943 (3) 74 (2) C (42) 8028 (7) Ϫ668 (5) 2032 (3) 93 (2) C (43) 5944 (8) 117 (4) 2553 (3) 81 (2) N (1) 2045 (5) Ϫ2251 (3) 1777 (2) 50 (1) C (5) 1308 (6) Ϫ2822 (4) 1417 (3) 57 (1) O (4) 1804 (5) Ϫ3146 (3) 976 (2) 93 (2) 
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ecular interaction potentials between the methane and benzene molecule show substantial attraction still existing, even if the intermolecular distance C· · ·C is larger than 4.0 Å.
24)
Crystal Structure A detailed analysis of the crystal structure of amino acid Boc-derivatives, mentioned above, showed that the urethane NH group in about 90% of the cases is involved in an intermolecular N-H· · ·OϭC hydrogen bond. However, in the present structure, there is no intermolecular N-H· · ·OϭC bond, because, due to bulky protecting groups, the NH (urethane) group forms the intramolecular hydrogen bond. It is known 8) that the formation of conventional 25a) intermolecular hydrogen bonds causes the undesired aggregation of peptide chains during the synthesis of some peptide sequences. The -Cys(Bzl)-residue was measured to have moderate potential for this aggregation.
26 ) The lack of strong intermolecular hydrogen bonds in the packing of Boc-Cys(Trt)-OtBu molecules suggests a smaller potential in question for the -Cys(Trt)-residue than the potential for the -Cys(Bzl)-residue. Since the terminally blocked structure of the Boc-Cys(Trt)-OtBu molecule reduces the number of conventional hydrogen-bond donors and/or acceptors, crystal packing (Fig. 4) is mainly dependent on weak hydrogen bonds and hydrophobic contacts. These are illustrated in Fig. 5 .
The column of molecules transformed by translation along the x axis is stabilized by multiple phenyl· · ·phenyl contacts; ring C(8n) is locked between C(9n) and C(10n) phenyl rings, the C(83)-H(83) and C(84)-H(84) bonds are perpendicular to the C(9n)A plane. There are two kinds of interactions between molecular columns; both involve phenyl rings.
1. Phenyl H-atoms form C-H· · ·O hydrogen bonds 25) with two carbonyl oxygen atoms as acceptors (C· · ·O ca. 3.5 Å, H· · ·O ca. 2.8 Å and ЄC-H· · ·O ca. 130°).
2. The phenyl p-system is an acceptor of methyl Hatoms in weak contacts of the CH/p type with the L-shaped geometry.
27 ) The strongest of aliphatic/aromatic interactions involve the tert-butyl C(41) and C(42) methyl groups and the trityl C(9n) phenyl ring (C· · ·C ca. 3.7 Å).
An interesting case for supramolecular chemistry is co-op- erative interactions to one phenyl ring; the phenyl C(9n) atoms accumulate all types of the weak interactions observed in this crystal, i.e., to CϭO, phenyl and methyl groups. Those interactions are accompanied by Csp 3 /Csp 2 methyl· · · phenyl contacts with the methyl C-H bond nearly coplanar to the phenyl plane (Fig. 6 ), which gives a static intermolecular "gearing" structure.
28 ) The intermolecular C· · ·C distances are about 3.8 Å. Such an intermolecular arrangement was also found in aliphatic-aromatic hydrocarbons, e.g., cis-4,5-diphenylhex-4-en-2-yne, 29) (Z)-2,3-diphenyl-2-butene, 30) cis-9,10-diethyl-9,10-dihydroanthracene, 31) and 1,1-diphenyl-2,2-di-(tert-butyl)ethene. 32) Although none of the C· · ·O or C· · ·C distances fall in the range described as "short", 23, 33) the attractive interactions between molecules are strong enough to generate nearly isotropic thermal vibrations of terminal atoms of the BocCys(Trt)-OtBu molecule (Fig. 2) . The intra-and intermolecular weak bonding stabilizes the conformation of our molecule and prevents the folding of its hydrophilic part.
Solution and Gas Phase Conformation The BocCys(Trt)-OtBu molecule in the solid state adopts the fully extended C 5 structure of the torsion angles, slightly differing from 180°, and with a weak intramolecular hydrogen bond N(1)-H· · ·O(2)ϭC(3). It is intriguing, as it is well known that such a conformation is not readily accessible in condensed phases to the N-and C-blocked a-amino acid derivatives due to the weakness of the hydrogen-bonding of this type. 34) Indeed, in our case, FTIR reveals (Fig. 7) ]. 35) As seen, even the environment of such an apolar solvent as n-hexane disrupts the intramolecular hydrogen bond N(1)-H· · ·O(2)ϭC(3) in a significant population of the molecules. The optimum crystal structure is the result of the competition among many possible so-called packing forces. Hence, we questioned what controls this weak intramolecular hydrogen bond in the Boc-Cys(Trt)-OtBu molecule in its crystal environment. Maybe, the optimum is reached by the adopting of the extended structure by non-relaxed, strained molecules. To verify this hypothesis, we performed the geometry optimization of the molecule in vacuo starting with its crystal conformation. The DFT method (which considers electron correlation) with the B3LYP hybrid functional 18) and the 6-31G** basis set was used.
The local minimum has been found and checked by the analysis of harmonic vibrational frequencies. Excluding translational and rotational motions, only positive eigenvalues of the Hessian matrix were obtained, proving that the calculated conformer geometry is a minimum. This gas phase equilibrium geometry has been juxtaposed in Table 2 with the appropriate crystallographic parameters. Given that interatomic equilibrium distances are predicted by the DFT calculations to within 0.02 Å, and bond and torsional angles are found within a few degrees of their experimental values, 36) the gas and the solid state conformation of the main chain of the molecule turned out exactly the same. The extended, in crystal, conformation of the main chain of the Boc-Cys(Trt)-OtBu with the intramolecular hydrogen bond is, therefore, not dictated exclusively by packing. However, small discrepancy between the gas and crystal conformers exists in the side chain arrangement. It concerns all three torsional angles C2-S1-C7-Ph, i.e., the disposition of trityl phenyl rings. Each calculated angle differs from its counterpart in crystal by the same few degrees. In consequence, the position of the trityl group as a whole in regard to the main chain is somewhat changed (Fig. 8) . The slight reorientation of the trityl group is in line with the formation of the network of the subtle hydrogen bonds and interactions in which the phenyl rings and their protons are involved (Figs. 4 and 5 ). This specific extensive bonding network provides conformational constraints, which permits the molecule retaining in the solid state its extended conformation with the weak intramolecular hydrogen bond. It contrasts with the behavior of the molecule in the hydrophobic hexane environment in which such specific forces cannot occur.
Conclusion
The comparison of the Boc-Cys(Trt)-OtBu conformation in crystal, solution and in the gas phase suggests the involvement of the side chain of S-trityl cysteine in stabilizing the conformation of the main amino acid backbone. Merely slight molecular movement from the gas phase structure turns the side chain trityl group position, allowing for the formation of multiple weak intermolecular C-H· · · OϭC hydrogen bonds and CH/p interactions. This bonding network stabilizes a conformational minimum of the main chain of the molecule with its inherent weak conventional N(1)-H· · ·O(2)ϭC(3) hydrogen bond and prevents it from folding in another way to establish an alternative, common, conventional pattern of strong hydrogen bonding. The crystal structure of the studied molecule provides a good example of the involvement of functionless side chains of amino acid residues in the stabilization of the peptide main chain conformation. The stabilization is gained through non-conventional weak hydrogen bonds and interactions. It firmly supports the notion of their significance in the structure and function of peptides.
25b,27) These forces have been recently applied to the construction of the peptide structures of an anticipated biological activity and the importance of this concept was pronounced. 
